Ratiometric imaging is an invaluable tool for quantitative microscopy, allowing for robust detection of FRET, anisotropy, and spectral shifts of nano-scale optical probes in response to local physical and chemical variations such as local pH, ion composition, and electric potential. In this paper, we propose and demonstrate a scheme for widefield ratiometric imaging that allows for continuous tuning of the cutoff wavelength between its two spectral channels. This scheme is based on angle-tuning the image splitting dichroic beamsplitter, similar to previous works on tunable interference filters. This configuration allows for ratiometric imaging of spectrally heterogeneous samples, which require spectral tunability of the detection path in order to achieve good spectrally balanced ratiometric detection.
Introduction
The image in conventional fluorescence microscopy, where one images the emission intensity of fluorescent molecules or particles, is usually linearly correlated with fluorophore concentration, excitation source intensity, and its environment-dependent quantum yield. In contrast, ratiometric imaging is based on the detection of changes in fluorescence spectra, and is immune to artifacts associated with imaging merely the total emission intensity. Ratiometric fluorescence imaging can be done with either two spectral excitation channels (the sample is successively excited by two wavelengths, and the ratio of the detected emission intensities is calculated), two spectral emission channels (the sample is excited by a single wavelength, and the ratio is calculated using the intensities at two emission-separated spectral regions), or a combination of both [1, 2] .
Ratiometric fluorescence imaging is commonly used for measurements of single molecule FRET [3, 4] , single molecule anisotropy [4, 5] , variations in calcium ion concentrations [6] , pH levels [7] , solvent polarity [8] , and membrane potentials [9] in biological samples. The emission spectra of certain fluorescent probes undergo an environmental parameter-dependent wavelength shift, thus allowing for the quantification of such a parameter by ratiometric detection. Even for indicators that only undergo quenching in the presence of the environmental parameter, but no spectral shifts, such as quinolinium-based chloride indicators, it is possible to synthesize a ratiometric probe by conjugating Cl − -sensitive and -insensitive chromophores [10] .
In this paper, we propose and demonstrate the use of an angle-tuned dichroic beamsplitter for ratiometric widefield imaging. The proposed optical set-up, which can be easily implemented for any conventional microscope, provides a versatile and robust solution for performing ratiometric imaging for spectrally heterogeneous samples.
Thin-film interference filters, fabricated by depositing multiple transparent thin-films on an optical substrate, are frequently used in optical instruments for spectral separation and filtering. Since each layer has a different dielectric constant, light will be transmitted and reflected by each layer, resulting in an overall transmission that is highly dependent upon the incident wavelength and the multilayer design [11, 12] . A filter design is described by the multilayer composition, the combination of multilayers, and the spacer layers in-between [11] . Depending on the design, interference filters can function as shortpass, longpass, single or multi bandpass filters, with various edge steepness and transmission efficiencies.
When light is incident upon an interference filter at an angle other than normal incidence, the optical path it travels is altered and hence the transmission spectrum modified. For a given transmission spectrum at normal angle of incidence, a spectral feature at wavelength λ 0 of the transmission spectrum will be shifted to a wavelength λ(θ), which can be approximated as λ(θ) = λ 0 1 − (sin θ/n eff ) 2 , where θ is the angle of incidence of the collimated light in air, and n eff is the effective index of refraction, which depends upon the multilayer design, and, in general, upon the angle of incidence and polarization [12] . Angle-tuning of thin-film interference filters has become a standard and affordable solution for achieving flexibility in bandpass spectral filtering, while maintaining high transmission efficiency at the relevant spectral regions. Such systems are very suitable for hyperspectral fluorescence microscopy [13] and optical telecommunication networks [14] . In this paper, we extend the concept of angle-tuning for dichroic beamsplitters in a dual-view configuration for ratiometric imaging across an entire field-of-view. The proposed optical set-up enables to optimize the balance of the two channels in ratiometric widefield imaging, which provides a platform for high-speed quantitative imaging with optimal signal detection.
Set-up
A key requirement from such a wavelength-tunable ratiometric system is that the image remains unaltered while tuning the cutoff wavelength. In order for the reflected image to maintain its position on the camera while angle-tuning, the image splitting dichroic beamsplitter is placed in a retro-reflector configuration with an additional mirror ( Fig. 1 ), similar to the confocal configuration in reference [15] . Imaging is performed with an inverted widefield microscope (IX73, Olympus), with the image passing through a dichroic beamsplitter and an additional silver mirror placed on a motorized rotation stage (PRMTZ8, Thorlabs), with the rotation axis being the intersection of the two reflecting surfaces, resulting in a retroreflector configuration. The reflected image is then reflected by an additional mirror mounted on a motorized kinematic mount (KS1-Z8, Thorlabs), adjusting any small misalignments that result from a non-ideal retroreflector arrangement. A look-up table is constructed based on detailed characterization of these misalignments. The look-up table allows us to implement automatic spectral tuning of the dichroic and correction of the misalignments, thus maintaining aligned dual-view imaging of the two spectral halves (transmitted and reflected images) for each cutoff setting. We note that these alignment corrections can, in principle, also be performed electronically in a post-processing step. The transmitted and reflected images are directed to two CMOS cameras (ORCA-Flash4.0 V3, Hamamatsu). During imaging, the dichroic is automatically tuned using the motorized components, controlled by software (LabVIEW, National Instruments). When changing the dichroic beamsplitter, a short calibration routine of the motorized components is performed in order to ensure perfect alignment of the reflected beam.
We tested angle-tuning of two commercial dichroic filters: (i) a 594 nm longpass dichroic beamsplitter (Di03-R594, Semrock), and (ii) a 628 nm tunable longpass filter (TLP01-628, Semrock). The transmission spectra of the two angle-tuned dichroic edge filters are shown in Fig. 2(a) . Transmission spectra were measured with a spectrometer (USB4000, Ocean Optics) coupled to a multimode fiber (QP600-2-SR, Ocean Optics), positioned at the optical axis after the dichroic beamsplitter, using an unpolarized halogen lamp (U-LH100L-3, Olympus) as the illumination source. We examined the reflected image by imaging <100 nm fluorescent beads (FP-00558-2, Spherotech). For dichroic beamsplitter (i), we observed no significant broadening of the optical point spread function in the reflected image relative to the transmitted image. However, we note that even though the commercial tunable filter (ii) is flat enough for most imaging purposes, it is essentially composed of two longpass filters compensating each other at different angles of incidence. Hence, the reflected image is composed of two spatially separated images, having different spectral components, that combine into a final image at the camera plane. This feature results from the optimized thin-film design of the tunable filter (ii), which is designed to work as a transmission filter, and has negligible effect as long as it is not used for localization microscopy.
The edge cutoff wavelength λ DC and width σ DC are calculated by fitting the transmission curve to a shifted sigmoid function 1/(1 + exp(−(λ − λ DC )/σ DC )), and shown in Fig. 2 (b) and 2(c), respectively. Tuning the dichroic beamsplitter around a 45°angle of incidence, the cutoff wavelength shifts approximately linearly with angle for both tuning directions. Though the cutoff wavelength can be continuously tuned, the obtained spectral separation between the two detection channels is restricted by the edge width. Since the incident beam is unpolarized, the edge width of dichroic beamsplitter (i) widens upon tuning the filter at larger angles. This edge widening is mainly the result of polarization splitting at large angles of incidence, which is common for thin-film interference filters [12] . In contrast, the tunable filter (ii), which is designed for angle-tuning, shows minimal polarization splitting, and hence minimal edge widening. Figure 3 demonstrates widefield imaging with spectral tuning of the fluorescence emission from colloidal quantum dots by angle-tuning the dichroic beamsplitter.
We note that points at the sample plane that are at distance L away from the optical axis will diverge after the relay lens at an angle given by θ = arctan(M × L/f relay ) under the paraxial approximation, where M is the system magnification, and f relay is the focal length of the relay lens. This divergence results in weak variations of the cutoff wavelength across the imaging (c) show the cutoff wavelength and edge width vs. the angle of incidence, respectively. Since the dichroic beamsplitter (i) is designed to work optimally at 45°angle of incidence, as opposed to the angle-tunable filter (ii), considerable polarization splitting and additional transmission bands near the cutoff wavelength appear when tuning the dichroic beamsplitter to higher angles of incidence. Fig. 3 . Widefield fluorescence imaging of quantum dots at different angles of incidence (cutoff wavelengths) of the dichroic beamsplitter. CdSe/ZnS quantum dots (QSP-600, Ocean Nanotech) were diluted and dispersed on a glass coverslip, and imaged with an 100x objective (UPLSAPO100XO, Olympus) while angle-tuning dichroic beamsplitter (i). Images from the two cameras were superimposed into a single image with a small displacement, and false colored with red and green to distinguish between the transmitted and reflected channels, respectively. At the right of each image is the one-pixel line cross section for an individual particle, indicated by the yellow box, at both spectral channels, illustrating tuning of the spectral splitting between the two cameras. Scale bar: 1 µm. region at the sample plane. For example, assuming the calibration curve ( Fig. 2(b) ) of the tunable filter (ii), for an optical set-up with an 100X magnification and a f relay = 180 mm relay lens, the difference between the cutoff wavelength of an imaged point at the optical axis of the objective and a point 50 µm away from it at the sample plane will be approximately 3 nm.
We define the ratiometric value between the two spectral channels as R = F R −F T F R +F T , with F being the measured intensity at the transmitted/reflected channel. We note that this definition of the spectral ratiometric value is known as the generalized polarization, in analogy to the ratiometric value used in anisotropy measurements [16, 17] . In addition, using a standard sample with fixed spectral properties, one can introduce a compensation factor to correct the measured radiometric value for spectral biases in the detection efficiency of the two spectral channels [18] . By approximating the transmission spectrum of a dichroic edge filter as a shifted sigmoid function with a cutoff wavelength λ DC and width σ DC , and assuming an emission spectrum with a Gaussian profile, the transmitted and reflected channel intensities are:
where λ 0 and σ are the emission spectra peak wavelength and width, respectively. The difference of the ratiometric value between spectral states of a fluorophore ∆R = R 2 −R 1 , is highly dependent upon the properties of the dichroic filter used for separating the two spectral channels. Figure 4 demonstrates the theoretical dependence of the ratiometric difference ∆R upon changing the edge filter cutoff wavelength and width. Fig. 4 . Theoretical ratiometric shift dependence upon the dichroic edge filter. Assuming a σ = 10 nm emission spectrum width which shifts its peak from 598 nm to 602 nm, as shown in (a), we use equations (1-2) to calculate the ratiometric shift ∆R as function of (b) the edge filter cutoff wavelength (assuming a constant edge width of σ DC = 10 nm), and (c) the dichroic edge width σ DC (assuming a constant edge cutoff wavelength of λ DC = 600 nm). Figure (d) is an alternative representation of figure (b) , in which we convert the cutoff wavelength to the ratiometric value of the initial spectral state. The corresponding values of two specific cutoff wavelengths, 600 nm (black) and 580 nm (red), are shown in figures (a) ,  and (b, d) . (c) show the total emission intensity and ratiometric value between the two channels, respectively. Although there is correlation between the total fluorescence emission intensity and the applied voltage, the spectral shift due to QCSE is clearly demonstrated along the whole trace via the ratiometric measurement.
Experimental application
In order to demonstrate the utility of a tunable dichroic beamsplitter for ratiometric imaging, we show two examples of imaging spectral changes of fluorescence emission in response to environmental changes: (a) spectral shift of semiconductor nanocrystals due to the quantum confined Stark effect (QCSE) [19] , and (b) spectral response of the voltage sensitive membrane dye di-8-ANEPPS to alternating transmembrane potential in live cells. As opposed to fluorescent molecules, synthesis of semiconductor nanocrystals produces a heterogeneous sample, and ratiometric imaging may be limited by the available dichroic beamsplitter and sample emission spectrum heterogeneity. The optical scheme proposed here is highly suitable for such experiments, and may be easily implemented in conventional microscopes. Following reference [19] , we fabricated interdigitated gold microelectrodes with a 3 µm gap on glass coverslips, and drop-casted a diluted solution of ZnSe/CdS seeded nanorods in order to get single particles in-between the electrodes. A DAQ device (USB-6211, National Instruments) was used to synchronize the two CMOS cameras and the voltage between the microelectrodes, which were connected to a high-voltage amplifier (A-301, A. A. Lab Systems). We note that other processes, beside QCSE, such as Auger recombination and charging, could also contribute to the signal. Figure 5 shows the fluorescent response of a single nanorod exhibiting QCSE, and illustrates the advantage of a well spectrally-balanced ratiometric detection.
As a second demonstration, we show ratiometric imaging of di-8-ANEPPS, a voltage sensitive membrane dye [20] , while inducing a transmembrane voltage with platinum electrodes [21, 22] . HEK 293 cells were incubated for one hour on chambered cover glass (C8-1.5H-N, Cellvis) coated with poly-D-lysine (Sigma), allowing the cells to adhere to the glass while still remaining in a spherical shape. The spherical cell geometry provides simplicity, since the induced transmembrane voltage along the great circle parallel to the field of a spherical cell in a homogenous electric field varies as a cosine function [23] . The cells were stained with 10 µM di-8-ANEPPS (Biotium) in a buffer solution (140 mM NaCl, 2.8 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM glucose, 10 mM HEPES buffer pH 7.4) containing 0.05% pluronic F-127 (Sigma) for 10 minutes in 4°C, and then washed two times. Finally, fresh buffer solution was added and two platinum electrodes 4 mm apart were placed at the edges of the chamber. By angle-tuning filter (ii), we were able to continuously adjust the spectral splitting of di-8-ANEPPS fluorescence emission between the two cameras, as shown in Fig. 6(a) .
Using the same electrical amplification and synchronization system as described above, we applied a series of ten 80 V pulses, each 100 ms in duration, with one second between each pulse. Excitation with LEDs (SPECTRA X, Lumencor) was performed stroboscopically only during camera exposure times, in order to avoid unnecessary photobleaching. Upon the application of an electric field, half of the spherical cell membrane polarizes, and the other half depolarizes. Figures 6(b)-6(d) show the fluorescence response of di-8-ANEPPS upon externally applied fields at different imaging conditions. We note that photobleaching is wavelength dependent, hence the signal in different spectral regions decreases at a slightly different rate [24] . In addition, the absorption spectrum of many ratiometric dyes, including ANEPPS dyes, will be dependent upon the variation of the environmental parameter. Therefore, the response of the emission intensity and spectrum will also depend upon the choice of the excitation wavelength [25] . Figures 6(b) and 6(c) show angle-tuning of filter (ii) under 470 nm excitation. For 470 nm excitation, it is mainly the transmitted (red) portion of the emission spectrum that changes upon membrane polarization. However, upon 440 nm excitation, the total detected fluorescence emission is almost unaffected by the electric field ( Fig. 6(d) , middle panel), while the emission spectrum does shift, and variations due to the applied electric field occur at both detection channels, as seen by the ratiometric curve ( Fig. 6(d) , bottom panel). Fig. 6 . Ratiometric imaging of HEK 293 cells stained with di-8-ANEPPS upon pulsed electric polarization. (a) Ratiometric images of a stained HEK 293 cell at different angles of incidence (cutoff wavelengths) of the tunable filter (ii). Imaging was performed with a 60x objective (PLAPON60XO, Olympus). Images from the two cameras were superimposed into a single image, and false colored with red and green corresponding to the transmitted and reflected channels, respectively. Scale bar: 5 µm. The cells were placed between platinum electrodes and ten pulses of 80 V, each 100 ms in duration, were applied every one second. Three imaging conditions are shown: (b) and (c) were performed under 470 nm excitation at 45°(590 nm) and 40°(600 nm) angles of incidence, respectively, and (d) was performed under 440 nm excitation at 40°(600 nm) angle of incidence. The cameras were recording at a 20 Hz frame rate, and synchronized to the applied field. Red-shaded areas correspond to durations in which the external field was applied, and white areas indicate a duration of 100 ms before each pulse, in which no electric field was applied. The top panel of (b-d) show the total detected fluorescence emission from the half of the cell closer to the positive electrode, for both the transmitted (red line) and reflected (green line) images. The middle and bottom panels of (b-d) show the total emission intensity and ratiometric value between the two channels, respectively.
Summary
In conclusion, we have described a simple method for achieving wavelength-tunability in widefield ratiometric fluorescence imaging. Similar to excitation/emission tunable filters, rotating an interference-based dichroic beamsplitter alters its spectral cutoff wavelength. Placing the dichroic beamsplitter in a retroreflector configuration allows for the reflected image to always be directed towards the camera and maintain the optical alignment. We note that optimal tuning of the spectral splitting depends upon the specific spectral properties of the ratiometric indicator, such as the position of the isosbestic point. This configuration may be highly useful in different experimental scenarios where a mixture of heterogeneous fluorescent particles is used for ratiometric imaging, allowing for perfect spectrally balanced detection across a wide field-of-view while using a single dichroic beamsplitter.
